Polycystic ovary syndrome (PCOS) is a common endocrine and metabolic disorder of unclear etiology in women and is characterized by androgen excess, insulin resistance, and mood disorders. The gut microbiome is known to influence conditions closely related with PCOS, and several recent studies have observed changes in the stool microbiome of women with PCOS. The mechanism by which the gut microbiome interacts with PCOS is still unknown.
anxiety, and depression [2] [3] [4] . The origins of PCOS are still unclear, with genetic, environmental, and lifestyle-related factors implicated in the development of the disorder [5] .
The gut microbiome is known to regulate nutrient uptake, fat storage, and insulin sensitivity [6] [7] [8] . In humans, gut microbiome changes have been observed in conditions closely linked to PCOS, such as obesity, type 2 diabetes, anxiety, and depression [9] [10] [11] . We recently showed that women with PCOS have reduced fecal bacterial richness and changes in overall community composition compared with non-PCOS women [12] . Two subsequent studies by independent research groups have yielded similar results [13, 14] . Decreased bacterial richness and community changes have also been reported in a mouse model of PCOS [15] . In a rat model of PCOS, an improvement of the reproductive and endocrine PCOS phenotype was achieved through fecal microbiota transplantation (FMT) from healthy rats [16] .
In rodents, sheep, and nonhuman primates, a PCOS-like phenotype can be induced by maternal androgen exposure during a critical developmental window in late gestation [17] . Although many maternal androgen exposure models develop glucose intolerance and/or b cell dysfunction, body weight and fat mass are generally not affected [18] . These models are therefore suggested to represent the lean PCOS phenotype [19] .
In this study, we used a PCOS mouse model combining maternal androgen exposure [18] with high-fat, high-sugar (HFHS) diet-induced obesity to capture both the reproductive and metabolic aspects of the human PCOS and investigate their individual and combined effects on the gut microbiome [20] . We used DHT as a nonaromatizable androgen to exclude secondary estrogenic effects.
In our phenotypic assessment of the model, we found sex-specific effects of maternal DHT exposure and HFHS diet on anxietylike behavior and estrous cycle disruption in offspring, with female offspring appearing more anxious in response to maternal androgen exposure [21] . Further, we found sex-specific effects of the studied exposures on fecal bacterial richness and taxonomic composition.
To determine whether disturbed estrous cyclicity and increased anxietylike behavior observed in female offspring exposed to maternal androgens was microbiome-mediated, we performed FMT from female maternal DHT-HFHS-exposed offspring to healthy wild-type (WT) mice.
Materials and Methods

A. Maternal DHT Exposure Model
The study design for the prenatal androgenization model is summarized in Fig. 1 . Fifty 12-week-old virgin female C57/Bl6j mice were purchased from Janvier Laboratories (Le Genest-Saint-Isle, France). Mice were housed five to a cage under a 12-hour light/dark cycle at a temperature of 21°C to 22°C and 55% to 65% humidity. After 1 week of acclimatization, mice were randomly assigned to either a control diet (CD) (#98052602; Research Diets, Inc., Figure 1 . Study design for the maternal DHT-HFHS-exposure mouse model. n = 50 dams at start of experiment and 9 to 12 offspring/group. An additional group of dams was sacrificed at GD 18.5 and fecal material collected for gut microbiome analysis (n = 4 to 6/group). GD, gestational day.
New Brunswick, NJ) containing 10 kcal% fat, 73 kcal% carbohydrates, and 17 kcal% protein, or a HFHS diet consisting of (1) high-fat diet (#D12079B; Research Diets, Inc.) containing 40 kcal% fat, 43 kcal% carbohydrates, and 17 kcal% protein and (2) 20% sucrose solution (S9378, Sigma-Aldrich, St. Louis, MO) supplemented with a vitamin mix (V10001; Research Diets, Inc., 10 g/4000 kcal) and a mineral mix (S10001; Research Diets, Inc., 35 g/4000 kcal). All animals were provided with tap water ad libitum.
After 10 weeks, females in estrus phase, determined by vaginal smear cytology, were mated overnight with a CD-fed male. The presence of a postcopulation plug was confirmed the following morning, which was defined as gestational day (GD) 0.5. Plug-positive animals were placed in single cages and continued on their respective diets. At GD 16.5, the HFHS and CD groups were subdivided into four groups: CD-Vehicle (Veh), CD-DHT, HFHS-Veh, and HFHS-DHT, testing two factors: diet and DHT exposure.
All mice in the DHT groups were subcutaneously injected with a fixed dose of 250 mg DHT (A8380; Sigma-Aldrich) in a 100-mL Veh solution consisting of 5 mL benzyl benzoate (B6630; Sigma-Aldrich) and 95 mL sesame oil (S3547; Sigma-Aldrich) in the scapular area for 3 days (until GD 18.5). Mice in the Veh groups were injected with an equal volume of sesame oil not containing the hormone. All injections were given between 9 and 10 AM.
An additional group of 20 mice underwent the same procedures as dams but was anesthetized with isoflurane and blood was collected from axillar vessels followed by decapitation at GD 18.5, and colonic fecal material was collected, frozen immediately in liquid nitrogen, and stored at 280°C until later analysis.
All offspring were weaned at 21 days, separated by sex, and randomly assigned to continue on the diet of the mother or switch to the opposite diet. Male and female offspring were divided into eight groups: MatCD-Veh-CD, MatCD-DHT-CD, MatHFHS-Veh-CD, MatHFHS-DHT-CD, MatCD-Veh-HFHS, MatCD-DHT-HFHS, MatHFHS-Veh-HFHS, and MatHFHS-DHT-HFHS, testing three factors: maternal diet, maternal DHT exposure, and offspring diet. Offspring were housed two to six to a cage. Body weight and food intake were measured weekly. At 22 weeks of age, offspring were anesthetized with isoflurane and blood was collected from axillar vessels followed by decapitation, and colonic fecal material was collected and frozen immediately in liquid nitrogen. Fecal material was collected from a subset of mice for use in FMT as described below.
B. Behavior Testing
At 16 weeks of age, male and female offspring underwent behavioral testing to assess anxietylike behavior in the elevated plus maze (EPM) and 4 to 5 days later the open field (OF). Animals were tracked for 10 minutes in each arena using the EthoVision XT system (Noldus Information Technology, Wageningen, Netherlands) and the percentage of time spent in predefined areas of the arena was recorded (open and closed arms for EPM, periphery and center for OF). The behavior tests were performed in a soundproof room with no daylight. Prior to the start of the experiment, mice were acclimatized to the behavior room for 20 minutes. The arena was cleaned with 70% ethanol before each mouse to remove bias due to olfactory cues.
C. Assessment of Estrous Cyclicity
Vaginal smear cytology was performed on female mice immediately after behavior testing to confirm that results were based on female mice in all cycle stages. At 20 to 21 weeks of age, vaginal smear cytology was performed on female mice to assess estrous cyclicity over 10 consecutive days. Vaginal smears were collected by flushing the vagina with 15 mL sterile 0.9% saline solution, followed by microscopic inspection of the fluid on a glass slide and identification of the cycle phase according to published protocols [22, 23] .
D. Preparation of Fecal Inoculate for FMT Experiment
The donors for the FMT experiment were female offspring that remained on the same diet as their mothers (MatCD-Veh-CD, MatCD-DHT-CD, MatHFHS-Veh-HFHS, and MatHFHS-DHT-HFHS). Three cages per group were selected (n = 1 to 4 mice/cage, 6 to 8 mice/ group), and the cecal contents were pooled and homogenized in sterile PBS containing 25% glycerol (4 mL per cage). The stool suspension was briefly centrifuged to remove particulate matter and the supernatant was collected and pooled for each group. The absorption of the pooled supernatants was measured on a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA) at 620 nm and the dilutions adjusted to the levels of the least concentrated sample. Inoculates were aliquoted and fresh aliquots were thawed on each day of FMT. Immediately prior to gavage, FMT aliquots were diluted 1:5. This dilution approach enabled us to use the same FMT inoculate stocks for all mice in each group for the whole duration of the experiment.
E. FMT Experiment
Numerous studies have achieved a successful metabolic and behavior phenotype transfer in mice using conventional housing, frozen FMT material, and antibiotic pretreatment, and these studies served as guidelines for our study [8, [24] [25] [26] [27] . We used a cocktail of five antibiotics and one antifungal drug based on previously published protocols for microbiome depletion in mice [25, 26, 28] .
An overview of the study design for the FMT experiment is given in Fig. 2 . Four-week-old female C57/Bl6j mice (Janvier) were conventionally housed six to a cage and fed standard irradiated chow. Weight gain, food, and water intake were monitored throughout the experiment. Mice were randomly assigned to one of five treatment groups, four receiving FMT and one control group (n = 12/group). Beginning at 5 weeks of age, mice in the FMT groups received a sterilefiltered antibiotic mix consisting of 10 mg/kg vancomycin, 20 mg/kg neomycin, 20 mg/kg metronidazole, 20 mg/kg ampicillin, 10 mg/kg gentamicin, and 1 mg/kg amphotericin B (all Sigma-Aldrich), prepared in sterile water, via once daily oral gavage for 2 weeks. The control group received sterile water without antibiotics. Beginning on the day following the last antibiotic gavage, mice in the FMT groups received 150 mL FMT inoculate via oral gavage. FMT was given once daily for 7 days, every second day for the next 7 days, and then once weekly until the end of the experiment. Mice in the control group received sterile PBS with 25% glycerol following the same schedule. Estrous cyclicity was assessed 3 weeks after FMT at 10 to 11 weeks of age as described earlier. Anxietylike behavior was assessed in the EPM and OF 5 to 6 weeks after FMT at 12 to 13 weeks of age as described earlier. Following behavior testing, mice were anesthetized with isoflurane and blood was collected from axillar vessels followed by decapitation, and cecal contents were collected and frozen immediately in liquid nitrogen. FMT inoculate were used. DNA was eluted in 300 mL Elution Buffer. The eluted DNA was centrifuged at full speed for 2 minutes and the supernatant collected. The DNA concentration was measured on a NanoDrop 2000 and DNA was diluted to a concentration of 5 ng/mL with diethyl pyrocarbonate-treated water. One negative control was included in each DNA extraction run and negative controls were pooled prior to PCR. Fifty nanograms DNA were used in a PCR reaction to amplify the V4 region of the bacterial 16S rRNA gene using the primers 515fB (GTGYCAGCMGCCGCGGTAA) and 806rB (GGACTACNVGGGTWTCTAAT) (Eurofins Genomics, Ebersberg, Germany) and the Phusion Hot Start II High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA). The PCR conditions were initial denaturation at 95°C for 3 minutes followed by 25 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and extension at 72°C for 45 seconds, one final extension cycle at 72°C for 10 minutes, and a final cooling step to 10°C. A sample of diethyl pyrocarbonate-treated water, used to dilute the samples, was included as a PCR negative control. PCR products were visualized on a 1% agarose gel and purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA) with a ratio of 1.23 beads to DNA. The purified PCR amplicons were indexed at the Science for Life Laboratory (Stockholm, Sweden) using the Nextera DNA Library Prep Kit (Illumina, San Diego, CA) and sequenced with v3, 600 cycles chemistry on a MiSeq Instrument (Illumina, San Diego, CA). Dam and offspring samples were sequenced in one run, FMT samples in a second run. An additional negative control from the indexing PCR was included. A microbial community standard consisting of eight bacterial species underwent the same DNA isolation, PCR, and sequencing protocol as samples (D6300; Zymo Research, Irvine, CA).
G. Sequencing Data Processing and Analysis
Primers were trimmed from raw reads using cutadapt [29] . Trimmed raw reads were processed in R 3.4.0 using the DADA2 1.4.0 package [30] . Forward and reverse reads were filtered based on their quality score profiles and trimmed at the point where read quality began to drop (F = 230 and R = 180 bases for maternal DHT exposure samples, F = 260 and R = 180 bases for FMT samples). Error rates of forward and reverse reads were calculated using the DADA2 algorithm and error-corrected reads were merged. Chimeric sequences were identified and removed. Taxonomic assignments were made for each ribosomal sequence variant (RSV) using the Silva v123 database (www.arb-silva.de). Subsequent analyses were performed in R using the phyloseq package [31] . Alpha rarefaction analyses were based on the number of observed RSVs and the Shannon diversity index. Beta diversity analyses were based on Bray-Curtis distances and visualized using multidimensional scaling (MDS).
H. Statistical Analysis
Statistical analyses were performed in IBM SPSS Statistics Version 22 or 23 unless otherwise stated. All continuous data were screened for normality and equality of variance prior to statistical testing. Nonnormally distributed data were log-transformed.
Data were analyzed using two-way ANOVA (diet and DHT exposure in dams and FMT mice) or three-way ANOVA (maternal diet, maternal DHT exposure, and offspring diet in DHT-HFHS exposed offspring). ANOVA was followed by posthoc tests with Bonferroni correction. Male and female offspring were analyzed separately. For the microbiome data, a diversity was compared in SPSS using two-or three-way ANOVA with posthoc testing and P-value correction as described above. Bray-Curtis distance matrices were compared using Adonis as part of the phyloseq package. Phylum and genus comparisons were performed using DESeq2 [32] .
A P-value , 0.05 was considered statistically significant. The following abbreviations are used to denote statistically significant main effects in two-or three-way ANOVA: (a) [maternal] diet, (b) [maternal] DHT exposure, and (c) offspring diet. The following abbreviations are used to denote statistically significant interaction effects in two-or three-way ANOVA: (1) [maternal] diet and [maternal] DHT exposure, (2) [maternal] DHT exposure and offspring diet, and (3) [maternal] diet and offspring diet.
I. Ethics Approval
All animal experiments were performed at the Department of Physiology and Pharmacology, Karolinska Institutet, Stockholm, Sweden. All animal procedures were approved by the Stockholm Ethical Committee for Animal Research (121-16) in accordance with the legal requirements of the European Community (Decree 86/609/EEC).
J. Sequence Read Archive
The sequencing data sets and metadata files supporting the conclusions of this article are available at the repository [33] with accession numbers SRP136632 https://trace.ddbj.nig.ac.jp/ DRASearch/study?acc=SRP136632 and SRP136823 https://trace.ddbj.nig.ac.jp/DRASearch/study? acc=SRP136823. R markdown files containing the details of the microbiome data analysis workflow can be provided upon request. Supplemental files are available at the Dryad Digital Repository [34] .
Results
A. Phenotypic Characteristics of Female and Male Offspring
The reproductive and behavioral characteristics of female and male offspring have been reported by Manti et al. [21] . To summarize, maternal DHT exposure led to disrupted estrous cycles in female offspring, with a larger percentage of days in diestrus at the expense of proestrus and estrus, indicating reduced fertility. HFHS-diet led to significant weight gain in offspring of both genders compared with CD-fed offspring. Maternal DHT exposure resulted in anxietylike behavior in female offspring, observed in both EPM and OF. This maternal DHT exposure effect was completely absent in male offspring.
B. Fecal Microbiome Composition in Dams and Female and Male Offspring
The predominant phyla and genera across all groups in dams, female offspring, and male offspring are shown in an online repository [34] . Fecal samples were dominated by bacteria from the phylum Bacteroidetes, followed by comparable proportions of Firmicutes and Proteobacteria. Samples from dams showed a high percentage of bacteria from the Verrucomicrobia phylum, which was not seen in offspring samples. This finding was reflected on the genus level, where Akkermansia dominated dam samples, whereas offspring samples were dominated by Desulfovibrio, Bacteroidales family S24-7, and Rikenellaceae group RC9.
C. Differentially Abundant Taxa
Diet had the strongest overall effect on genus relative abundance in both dams and offspring (Fig. 3) . In dams, HFHS-diet caused a downregulation of the genus Turicibacter (Fig. 3A) , concordant with that observed in female offspring exposed to either maternal or postnatal HFHS diet (Figs. 3D and 3E) .
Maternal diet affected genus relative abundance in both female and male offspring, but there were no changes common to both sexes (Figs. 3B and 3E ). Ruminococcaceae group NK4A214 was upregulated due to HFHS-diet in dams and downregulated in female offspring (Figs. 3A and 3B) .
Offspring HFHS-diet led to a concordant downregulation of two genera, Lachnospiraceae group NK4A136 and Bifidobacterium, in female and male offspring (Figs. 3C and 3F) . The response to offspring diet was greater in female than male offspring, with a larger number of up-and downregulated genera (Figs. 3C and 3F) .
Maternal DHT exposure significantly affected relative abundance of four genera in female offspring (Fig. 3D) , with no significant changes in male offspring or dams. There was no clear pattern of up-or downregulation at the phylum level for any of the three studied factors.
D. Alpha Diversity in Dams and Female and Male Offspring
We found sex-specific effects of the studied factors on markers of microbial (a) diversity and richness in fecal samples. In female offspring, maternal DHT exposure increased richness in CD-fed offspring compared with Veh-exposed offspring, but this effect was not seen in HFHS diet-fed offspring (maternal DHT exposure*offspring diet, P , 0.05) (Fig. 4C) . This result was mirrored in dams, where richness was increased in CD-fed dams, but not HFHS-fed dams (diet*DHT exposure, P , 0.05) (Fig. 4A) . Maternal HFHS-diet led to reduced bacterial richness in female offspring, which was most pronounced when offspring also received HFHSdiet (main effect of maternal diet, P , 0.05) (Fig. 4C) .
In male offspring, DHT exposure led to reductions in both studied diversity measures (main effect of maternal DHT exposure, P , 0.05) (Figs. 4E and 4F ). The combination of maternal HFHS diet and offspring CD in male offspring resulted in a higher Shannon index compared with the other groups (maternal diet*offspring diet, P , 0.05).
E. b Diversity in Dams and Female and Male Offspring
Bray-Curtis distances were calculated as a nonphylogenetic measure of bacterial community diversity and plotted using MDS to compare treatment groups.
Neither diet nor DHT exposure affected clustering in dams (Figs. 5A and 5B). Offspring diet had a significant effect on clustering in the MDS plot in both female and male offspring exposed to maternal DHT (P = 0.001 for both factors) (Figs. 5E and 5I). Maternal diet had a Figure 3 . Differentially abundant genera in fecal samples from dams and female and male offspring. Log twofold change (FC) of relative abundance for genera, which were found by DESeq2 analysis to be significantly changed in (A) dams, (B-D) female and (E, F) male offspring due to the (A) factors diet, (B, E) maternal diet, (C, F) offspring diet, and (D) maternal DHT exposure. No genera were significantly changed due to DHT exposure in dams or maternal DHT exposure in male offspring. P , 0.05 for all after Benjamini-Hochberg false discovery rate correction. #Firmicutes; †Bacteroidetes; §Proteobacteria; ¶Actinobacteria. Square brackets indicate a Silva suggested taxonomic assignment. n = 9 to 11 animals per tested factor for dams and 34 to 50 animals per tested factor for offspring. B) dams, (C, D) female offspring, and (E, F) male offspring. Two-/three-way ANOVA main effect of (a) maternal diet and (b) maternal DHT exposure (P , 0.05). Two-/three-way ANOVA interaction between (1) diet and DHT exposure, (2) maternal DHT exposure and offspring diet, and (3) maternal diet and offspring diet (P , 0.05). Mean and SEM are shown. n = 4 to 6 animals per group for dams and 7 to 10 animals per group for offspring. significant effect on clustering only in male offspring (P = 0.001) (Fig. 5H) . DHT exposure did not affect clustering in either male or female offspring (Figs. 5F and 5J).
F. Phenotype Transfer by FMT
As PCOS is a female disorder and we observed greater microbiome and behavioral changes in female offspring exposed to maternal DHT than in male offspring, we investigated whether FMT could transfer these characteristics to unexposed mice. Healthy female WT mice were depleted of their gut microbiome via an antibiotic mix administered via oral gavage and subsequently recolonized with fecal material from female donors belonging to four of the previously described offspring groups: MatCD-Veh-CD, MatCD-DHT-CD, MatHFHS-Veh-HFHS, and MatHFHS-DHT-HFHS. To simplify, because maternal and offspring diet in the donors were the same, these groups will be referred to as DonorCD-Veh, DonorCD-DHT, DonorHFHS-Veh, and DonorHFHS-DHT. A control group received neither antibiotics nor FMT, but instead was gavaged with sterile water/PBS. Estrous cyclicity appeared unaffected by FMT, with no significant difference in the percentage of time spent in proestrus or diestrus or in the number of proestrus to estrus transitions in FMT recipients (Fig. 6) .
FMT did not induce the anxietylike behavior observed in maternal DHT-exposed donor mice. There was no significant difference between the groups in the time spent in the open arms of the EPM (Fig. 7A) . In the OF, three of the four FMT recipient groups showed no significant difference compared with the control mice (Fig. 7C) . Mice that received FMT from maternal HFHS-DHT donors spent significantly more time in the center of the arena than mice from the other three groups of FMT recipients (main effect of donor maternal DHT exposure, P , 0.05), indicating reduced anxietylike behavior in these mice (Fig. 7C) . There was no difference in the total distance traveled in either arena (Figs. 7B and 7D ). Antibiotic treatment was tolerated well and did not cause a drop in body weight or food intake. Body weight and food intake remained constant between the FMT groups and the control group throughout the experiment (data not shown).
G. Efficiency of the FMT Protocol
We compared microbiome profiles of FMT inoculates with fecal samples from FMT recipients to assess the efficiency of the procedure. Approximately 90% of genera in the inoculate were transferred to at least one recipient (Fig. 8A) . Forty-four percent to 60% of genera in the inoculate were transferred to all recipients (Fig. 8B) . Genera in the inoculate that were transferred to all recipients made up over 70% of "core" genera that were present in all recipients (Fig. 8B) . Of the remaining "noncore" genera, mice collectively adopted~90% of the inoculate, but also acquired individual-specific bacteria, which were not derived from the inoculate and not found in all animals from the same group (Fig. 8A) .
When comparing Bray-Curtis dissimilarity measures, the greatest level of similarity was found within mice from the same treatment group, whereas a high level of dissimilarity was observed between mice that received FMT and no FMT control mice (Fig. 8C) . The greatest dissimilarity was observed between FMT inoculate and recipient samples, indicating that the processing of inoculates, which involved centrifugation and dilution, significantly impacted bacterial profiles.
H. Fecal Microbiome Analysis of FMT Recipients
The most prevalent phyla and genera in fecal material from FMT recipients and in FMT inoculates are summarized in an online repository [34] . The most abundant phylum in FMT recipient samples was Bacteroidetes, followed by Firmicutes [34] . The most abundant genus was from Bacteroidales S24-7 group, followed by Lachnospiraceae NK4A136 and Desulfovibrio. The dominant phyla and genera were the same in FMT recipients as those found in the dams and offspring exposed to maternal DHT, but differed in their relative abundances across samples.
FMT recipient samples did not contain the Akkermansia overgrowth that was observed in dams. FMT recipient samples contained a markedly lower proportion of Rikenellaceae RC9 and a higher proportion of Lachnospiraceae NK4A136 than maternal DHT exposed samples.
FMT inoculates contained a greater proportion of bacteria from the phylum Proteobacteria and a lower proportion of Bacteroidetes than FMT recipient and maternal DHT exposed samples [34] . The dominant genus in FMT inoculates was Desulfovibrio, followed by Akkermansia. The sterile PBS/glycerol solution used to inoculate no-FMT control mice was largely devoid of bacteria and composed almost exclusively of the phylum Proteobacteria, presumably due to reagent contamination, which was amplified in the absence of other bacteria in the solution.
DESeq2 analysis identified several differentially abundant bacterial genera due to donor diet and maternal DHT exposure (Fig. 9) . Donor HFHS diet led to a lower relative abundance of bacteria from the families Ruminococcaceae and Lachnospiraceae and the genus Rikenella (Fig. 9A) . These same groups were also found to be less abundant in the corresponding mice exposed to maternal DHT (Figs. 3B and 3C ). Donor DHT exposure led to a lower relative abundance of the genera Thalassospira and Rikenella, which were also less abundant in the corresponding maternal DHT exposed mice (Figs. 9B and 3D ). 
I. a Diversity in FMT Recipients
Mice receiving FMT from HFHS-diet fed donors showed increased bacterial richness, which was attenuated by DHT exposure (donor diet*donor maternal DHT exposure, P , 0.05) (Fig.  10A) . Donor DHT exposure led to a decreased Shannon index in FMT recipients, whereas donor HFHS-diet led to an increase (main effect of donor diet and donor maternal DHT exposure, P , 0.05) (Fig. 10B) .
Both the number of observed RSVs and the Shannon index were significantly lower in all FMT recipients compared with no FMT controls, reflecting the antibiotic effect (Fig. 10) . FMT . Differentially abundant genera in FMT recipient. Log twofold change (FC) of relative abundance for genera that were found by DESeq 2 analysis to be significantly changed due to (A) donor diet and (B) DHT exposure. P , 0.05 for all after BenjaminiHochberg false discovery rate correction. #Firmicutes; †Bacteroidetes; §Proteobacteria; ||Deferribacteres; ‡Saccharibacteria. n = 24 animals per tested factor. recipients showed comparable diversity values to their respective inoculates, indicating that the FMT successfully restored bacterial diversity after antibiotic-induced depletion.
J. b Diversity in FMT Recipients
In b diversity analyses, both donor diet and donor DHT exposure significantly affected clustering in the MDS plot based on Bray-Curtis distance matrices (Figs. 11A and 11B ). All fecal samples from mice clustered separately from all FMT inoculate samples, highlighting the bacterial community differences between these two sample types (Fig. 11C) .
Discussion
This study describes the gut microbiome of a mouse model of PCOS induced by maternal DHT exposure combined with maternal and offspring HFHS-diet induced obesity. We demonstrate sex-specific effects on the gut microbiome of offspring exposed to maternal androgens. In male offspring, we found a DHT-dependent reduction in bacterial richness and diversity. This result agrees with the findings of our previous study of women with PCOS, and with a recent study of a letrozole-induced mouse model of PCOS [12, 15] . On the contrary, DHT exposure tended to increase richness in female offspring, with the exception of the MatHFHS-HFHS groups, where richness was decreased and lowest in mice exposed to maternal DHT. Although high diversity is usually considered a sign of a stable microbial community, an unexpected increase in diversity compared with the control group might also be indicative of a dysfunctional microbiome [35] .
Both maternal and offspring diet significantly affected microbiome parameters. Female offspring were more susceptible than males to a diversity changes due to maternal diet, whereas in males the maternal diet had a greater effect on overall community composition. Female mice appeared to be more susceptible to both DHT exposure and offspring HFHS-diet than males, with a larger number of differentially abundant genera identified by DESeq2. The majority of genera identified by DESeq2 were unique for males and females; however, Lachnospiraceae NK4A136 and Bifidobacterium showed a concordant decrease in relative abundance due to offspring HFHS diet in both male and female offspring. Sex-specific responses of the gut microbiome to diet in mice have been reported previously. Gonadectomy has been reported to cause changes in the microbiome profiles of both male and female mice and this effect was more prevalent in males on a CD and in females on a high-fat diet [36] . These results fit well with our observations, where a DHT-induced diversity reduction was stronger in males on a CD and females on a HFHS-diet.
Contradictory data exist on the effect of diet-induced obesity on bacterial richness and diversity in mice, with different studies reporting a decrease [37] , an increase [38, 39] , or no change [40] . High-fat diet-induced gut microbiome changes may depend on diet composition rather than diet-induced obesity, as isocaloric diets containing different fat sources were shown to induce specific gut microbiome changes in mice [41] . The gut microbiome is highly variable depending on genetic, environmental, and individual factors, with "individual" and "time" described as two of the strongest contributors to variation in the mouse gut microbiome [42, 43] . Our experiment involved both a large number of individual mice and a long duration; therefore, changes induced by diet or androgen exposure may have been affected by these factors.
The overall bacterial composition in male and female samples exposed to maternal DHT agreed with previously published data from the same mouse strain [44] . In our study, samples from dams showed an unexpected bloom of Akkermansia. Such blooms of single species can occur due to a loss of stability in the intestinal ecosystem as a result of stress, disease, or antibiotic treatment, among other factors [45] . Pregnancy may represent a stressful situation in itself and blooms of single taxa, including Akkermansia, have been reported [46, 47] . The bloom appeared not to have been carried over to the offspring or FMT mice.
We performed FMT to test the hypothesis that the gut microbiome contributes to reproductive and behavioral dysfunction in this mouse model. Few data exist on the effect of the gut microbiome on reproductive function. It has been reported that male germ-free (GF) mice have lower testosterone levels than specific pathogen-free mice, and transfer of male-type microbiota to female GF mice resulted in increased testosterone levels [48, 49] . In a rat model of PCOS, FMT from healthy donors was able to reverse hyperandrogenemia, disrupted estrous cyclicity, and polycystic ovarian morphology after just 2 weeks [16] . Although these data suggest that the gut microbiome may have the potential to affect reproductive function, no such effect was discernible in our study. WT FMT recipients did not show changes in estrous cyclicity compared with the untreated control group. Variation within the groups of mice was high, and a larger number of mice or a longer observation period may be necessary to observe subtle changes. In our study setup, the maternal DHT-HFHS exposure preceded the gut microbiome changes. This effect could be one-directional without a reciprocal effect on reproductive function in the FMT recipients, or it can be that DHT-HFHS exposure causes Figure 11 . Beta diversity of fecal samples from FMT recipients and inoculates. MDS plots of Bray-Curtis distances for the (A) factors donor diet, (B) donor maternal DHT exposure, and (C) donor group. No FMT animals received PBS instead of fecal inoculate. Each dot represents the total bacterial community composition of one sample. The amount of variation explained by each MDS coordinate is indicated in brackets. Groups were compared using Adonis. PBS, phosphate-buffered saline. both but they are not related. Thus, we cannot completely exclude that lack of an effect of the microbiome changes seen in offspring under these specific experimental conditions are not causal.
Various gut microbiome manipulations have been shown to affect anxietylike behavior in mice, including GF breeding, antibiotic and prebiotic treatment, and FMT from humans suffering from depression [11, 50] . Though FMT led to changes in anxietylike behavior in our study, these changes did not mirror the donor phenotype. Instead of the expected increase in anxietylike behavior in mice receiving FMT from DHT-exposed donors, we found no significant difference in three of the four recipient groups. In the DonorHFHS-DHT group, we observed a pronounced anxiolytic response in the OF test. Due to these contradictory results, we cannot conclude that the gut microbiome was involved in mediating anxietyrelated effects.
Antibiotic treatment has been reported to affect anxietylike behavior in mice, even if nonabsorbable antibiotics are used [24, 51] . We detected no negative effects of the antibiotic treatment on body weight or food intake, and antibiotic-treated animals did not perform differently to no-FMT control mice in the EPM or OF. However, we observed a nonsignificant decrease in three of the four FMT groups in the time spent in the center of the OF compared with no FMT controls, indicating that the antibiotic administration may have the potential to promote anxietylike behavior in this setting.
All mice receiving FMT had significantly lower a diversity measures than non-FMT controls, which was incompletely restored by FMT. As the inoculates had been diluted in preparation for oral gavage and to enable the use of the same inoculate stocks throughout the whole experiment, the lower a diversity observed in FMT recipients may be due to the fact that the inoculates themselves were not more diverse. Had undiluted material been used, diversity levels after FMT may have risen to those of non-FMT controls.
The overall community composition between inoculate and recipient samples differed substantially, as seen in b diversity plots and comparisons of Bray-Curtis dissimilarity. This was expected, as inoculates were processed prior to FMT and mice were exposed to bacteria from external sources. We did not aim to achieve perfect colonization efficiency with our protocol, but rather to seed the recipient gut with dominant donor microbes and allow the bacterial community to organize and stabilize around these species. Booster FMT doses were given once weekly until the end of the experiment to reinforce the donor microbiome profile. We found comparable colonization efficiency, measured in the number of shared genera between inoculate and recipient, in all FMT groups. A large percentage of the core microbial community, found in all FMT recipients, was derived from the FMT inoculate. Several genera that showed altered relative abundances in FMT donors showed concordant changes in FMT recipients, including a downregulation of bacteria from the families Lachnospiraceae and Ruminococcaceae in response to a HFHS diet and a downregulation of Thalassospira and Rikenella in response to DHT exposure. We conclude that our FMT protocol was successful in transferring various aspects of the donor microbiome, including dominant taxa, discriminant taxa for the donor exposures, and a diversity characteristics.
For our next-generation sequencing approach, we sequenced the V4 segment of the 16S rRNA gene to achieve a full overlap of forward and reverse reads, leading to more accurate sequence inference [52] . We opted to use the DADA2 algorithm rather than operational taxonomic unit (OTU)-picking. DADA2 does not perform clustering according to a predefined similarity threshold and thereby avoids the widespread problem of artificial OTUs as a result of sequencing errors [30] . DADA2 calculates sequencing error rates and infers sequences ad hoc and has been shown to outperform other OTU-picking methods on various mock community and biological data sets [30] .
To conclude, we showed that maternal DHT exposure and maternal and offspring diet affect gut microbiome profiles in mice in a sex-specific manner. We showed that FMT did not transfer the disrupted estrous cycles and anxietylike behavior observed in DHT-exposed female offspring, suggesting that these effects were likely not microbiome-mediated. 
